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1.1 ABC proteins 
ATP-binding cassette (ABC) proteins form one of the largest families of proteins, which are 
present in all prokaryotic and eukaryotic cells1, 2. In humans, 49 genes encode for ABC 
proteins3, whereas in the bacterium Escherichia coli, 79 genes for ABC proteins are found4. 
ABC proteins hydrolyse adenosine triphosphate (ATP) into adenosine diphosphate (ADP) 
and inorganic phosphate (Pi) and use the released energy of approximately 20 kBT in a range 
of physiological processes1, 2. Most ABC proteins, known as ABC transporters, use the 
energy to translocate various compounds across cellular or organelle membranes. Other ABC 
proteins, hereinafter collectively referred to as soluble ABC proteins, are not membrane 
associated, but are part of cellular complexes that use the energy of ATP hydrolysis for DNA 
mismatch repair, chromosome organisation, double-strand DNA break repair and mRNA 
translation5. 
Despite their functional diversity, all ABC proteins contain two nucleotide-binding 
domains (NBDs) that bind and hydrolyse ATP (Figure 1.1). In addition to the NBDs, ABC 
transporters contain two transmembrane domains (TMDs), which form the translocation 
pathway for the substrate. The two NBDs and two TMDs together constitute the translocator 
unit. Soluble ABC proteins do not contain TMDs, but have other domains linked to their 
NBDs6-8. Based on the direction of transport, ABC transporters can be subdivided into 
importers and exporters. These importers and exporters can be further classified as Type I, 
II and III importers and Type I and II exporters based on structural and mechanistic 
distinctions9, 10. Type III importers are also known as energy-coupling factor (ECF) 
transporters11. Type I and II importers (the canonical importers) require an additional 
substrate-binding protein (SBP) to bind and deliver the substrate to the translocator unit. 
Some ABC transporters have additional domains fused to their NBDs, which are involved in 
the regulation of transport activity and/or the stabilization of the NBD dimer12, 13.  
 
1.2 Nucleotide-binding domains 
A pair of NBDs is at the core of every ABC protein. The crystal structures of isolated NBD 
dimers and full-length ABC proteins reveal that all NBDs share common structural and 
mechanistic features (Figure 1.2A)14. Each NBD consists of two subdomains, a RecA-like 
and an a-helical subdomain, which both contain highly conserved sequence motifs. The 
RecA-like subdomain contains the Walker A and Walker B sequence motifs. Residues of the 
Walker A motif interact with the phosphate groups of ATP, whereas the Walker B motif 
coordinates a Mg2+ ion and an H2O molecule for ATP hydrolysis. The RecA-like subdomain 





Figure 1.1. The structure and domain organisation of ABC proteins. All ABC proteins contain two 
NBDs (dark and light orange). ABC transporters contain four domains: two NBDs and two TMDs (dark 
and light green). ABC transporters can be further subdivided as Type I, II and III importers and Type I 
and II exporters. Type I and II ABC imports use an SBP (purple) to deliver the substrate to the TMDs. 
The S component (light green) of Type III importer binds the substrate and the T component (dark 
green) is associated with the two NBDs. The DNA mismatch repair protein MutS (PBD ID: 1W7A) 
form E. coli contains two NBDs and an additional domain (light and dark red) that binds to DNA (grey). 
The molybdate transporter ModBCA (PBD ID: 2ONK) from Archaeoglobus fulgidus, the E. coli 
vitamin B12 transporter BtuCDF (PBD ID: 2QI9) and ECF HmpT (HmpT has also been named PdxU2) 
transporter (PBD ID: 4HZU) from Lactobacillus brevis are Type I, II and III importers, respectively. 
The heterodimeric exporter TM287/288 (PDB ID: 3QF4) from Thermotoga maritima and the human 
sterol transporter ABCG5/ABCG8 (PBD ID: 5DO7) are Type I and II exporters, respectively.  
Type I Type II Type III
Type I Type II
ABC importers








ATPase families, whereas the a-helical subdomain is uniquely found in ABC proteins15. The 
a-helical subdomain contains the ABC signature motif, which interacts with the g-phosphate 
group of ATP. The Q-loop is located on a loop connecting the RecA-like subdomain to the 
a-helical subdomain. The Q-loop is crucial to couple the NBD conformational changes to 
changes in the TMDs16-18. Other sequence motifs that are part of the ATP binding site are the 
A-loop, D-loop and H-motif.  
The two NBDs are arranged in a ‘head-to-tail’ manner, with two ATP binding sites 
located at the dimer interface (Figure 1.2A). Each ATP binding site is formed by the RecA-
like subdomain of one NBD and the a-helical subdomain of the other NBD6, 19. The two 
NBDs associate as homo- or heterodimer, and in the latter case this can lead to an asymmetry 
between the ATP binding sites20. Asymmetry can also originate from other domains of the 
ABC protein or interacting ligands21. Binding of ATP causes conformational changes in the 
dimer, switching the NBDs from an extended (open) to a more packed (closed) dimer 
configuration (Figure 1.2B)22-25. ATP hydrolysis triggers the reverse reaction, switching the 
NBDs from the closed to the open conformation. The common mechanistic feature of every 
ABC protein is that the opening and closing of the NBDs are used to drive conformational 
changes in the other domains of the ABC protein. This process is termed the ‘power stroke’ 
of the NBDs and converts the energy of ATP hydrolysis into mechanical work. 
Figure 1.2. The dimer of the nucleotide-binding domains MalK2. (A) X-ray crystal structure of the 
NBDs MalK2 (PBD ID: 3RLF) with two ATP molecules bound (yellow). The RecA-like and α-helical 
domain are shown in green and purple, respectively. (B) X-ray crystal structure of nucleotide-free 
MalK2 (top, PBD ID: 3PV0) and with two ATP molecules (not shown) bound (bottom, PBD ID: 3RLF). 
NBDs are believed to switch between open and closed conformations by the binding and hydrolysis of 
ATP. The C-terminal regularity domain and the MalF, MalG and MalE domains are not shown. 
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1.3 ABC Exporters 
1.3.1 Structure and function of ABC exporters 
ABC exporters are located in the plasma membrane and transport substrates from the 
cytoplasm into the extracellular or periplasmic space. ABC exporters are also found in 
organelles of eukaryotes and transport substrates from the cytoplasm into the organelle. In 
case of chloroplast and mitochondria, substrates are transported from the stroma or matrix 
space into the intermembrane space26. Substrates transported by ABC exporters include 
peptides, proteins, lipids, sterols and polysaccharides1. Some ABC exporters transport 
antibiotics or (anticancer) drugs out of the cell27, 28. 
Every ABC exporter consists of two NBDs and two TMDs. An NBD and TMD are fused 
as a single polypeptide chain that assembles into a homodimeric (e.g., Sav186629) or 
heterodimeric (e.g., TM287/28830) complex. All four domains are encoded on a single 
polypeptide chain in some eukaryotic ABC exporters (e.g., the human exporter 
P-glycoprotein31). ABC exporters can be subdivided as Type I and II based on structural 
features of the TMDs. Only little structural information is available for Type II exporters32, 
compared to the wealth of structural17, 29-31, 33 and spectroscopic34-36 data that is available for 
Type I exporters. It is seen that in all ABC exporters, the TMDs consist of 6 transmembrane 
(TM) helices, resulting in a total of 12 TM helices per exporter. However, the TM helices of 
Type I exporters are longer than in Type II exporters, and, in contrast to TM helices of Type II 
exporters, extend further into the solution (Figure 1.1).   
 
1.3.2 Transport mechanism of ABC exporters 
X-ray crystallography17, 29-31, 33, 37, cryo-electron microscopy (cryo-EM)38, electron 
paramagnetic resonance (EPR) spectroscopy35, 36 and recent single-molecule Förster 
resonance energy transfer (smFRET)34 data show that ABC exporters adopt different 
conformations. The TMD interior is exposed to the cytoplasm in the inward-facing (IF) 
conformation and is open to the extracellular space in the outward-facing (OF) conformation. 
In the OF conformation, the NBDs are closed and contain two molecules of ATP or ATP 
analogues. In the IF conformation, the NBDs are open and contain ADP or are nucleotide 
free. Some exceptions are the crystal structures of the IF conformations of TM287/28830 and 
ABCB1039 that are formed with certain ATP analogous and the OF conformations of 
Sav1866 and PgKl that are formed with ADP29, 40. 
A popular model for the transport mechanism of ABC exporters is the ATP-switch 
model41 or the alternating access mechanism (Figure 1.3)42. In this model, a substrate binds 
to the IF conformation from the cytoplasm or, in case of highly hydrophobic substrates, from 
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the inner leaflet of the membrane. In the IF conformation, the NBDs are open and free of 
nucleotide. However, the ATP concentration in the cytoplasm might be sufficiently high so 
that the ATP free state is only short-lived. Thus, before the substrate binds, the exporter might 
already contain ATP, but closing of the NBDs is prevented because the substrate is absent34. 
Once the substrate and ATP are bound, the exporter goes via an outward-occluded 
intermediate state to the OF conformation. In the outward-occluded state, the substrate is 
trapped within the TMD interior and the NBDs are closed37, 38. The substrate is released on 
the other side of the membrane once the OF conformation is formed. Finally, ATP hydrolysis 
opens the NBDs, leading to the formation of the IF conformation.  
Some heterodimeric ABC exporters contain only a single ATP binding site that can 
hydrolyse ATP30, 38, 43. The site that cannot hydrolyse ATP might always contain an ATP 
molecule and prevents thereby the complete opening of the NBDs30. This could lead to 
further complexity of the transport mechanism that is not included in the ATP-switch 
model35.  
 
1.4 ABC importers 
1.4.1 Function of ABC importers  
ABC importers are only found in prokaryotes and transport substrates from the extracellular 
space into the cytoplasm. ABC importers of Gram-negative bacteria are located in the inner 
membrane and transport substrates from the periplasm into the cytoplasm. Type I ABC 
importers mediate the uptake of nutrients, such as amino acids, peptides, sugars, ions and 
oligosaccharides44. In addition, some Type I ABC importers, such as OpuA of Lactococcus 
lactis45, control the volume of the cell via the uptake of so-called compatible solutes (e.g., 





Figure 1.3. Mechanism of transport by ABC exporters. Schematic representation of the proposed 
transport mechanism of ABC exporters. The mechanism involves switching between inward- and 
outward-facing conformations, which is regulated by ATP binding and hydrolysis and substrate 
binding. The membrane is shown in light brown, the substrate in brown, ATP in yellow and ADP in 
orange. The exporter consists of two NBDs (located on the inside) and two TMDs (located in the 
membrane) and are all shown in dark grey.  
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siderophore complexes and vitamins11, 44. In general, Type II and III importers facilitate the 
uptake of substrates that are present in low concentrations in the external environment and 
are needed by the cell in low quantities, whereas Type I importers transport substrates that 
are present in higher concentrations and are needed in larger amounts. The substrate 
availability in the environment is reflected by the dissociation constants (KD) for substrate 
binding: Type I importers have typical KD values of 0.1-10 µM, whereas KD values of 
0.1-10 nM are common in Type II and III importers11, 44.  
Prokaryotes use multiple distinct ABC importers for the uptake of many essential 
nutrients. Most of these importers are specific for only a few chemically similar substrates. 
For instance, GlnPQ of L. lactis transports the related amino acids asparagine and glutamine46 
and MalFGK2 of E. coli transports unmodified, linear maltodextrins ranging in length from 
two to seven glucosyl units47, 48. Other ABC importers have a broader transport specificity. 
This is possible because some SBPs can bind substrates that are chemically less related. For 
instance, the SBP OppA of L. lactis can bind peptides ranging in size from 4 to 35 residues 
with only minor sequence preference49. The transport specificity of some other ABC 
importers is broadened because different SBPs with non- or partially overlapping substrate 
specificities can deliver their substrates to the same translocator. For instance, the SBP HisJ 
is specific for histidine and the SBP LAO binds lysine, arginine and ornithine, with both 
SBPs donating their substrates to the translocator HisQMP2 of Salmonella typhimurium50. 
 
1.4.2 Transmembrane domains of ABC importers 
In ABC importers the NBDs and TMDs are separate proteins that assemble into a tetrameric 
complex. In this complex, either (i) all proteins are different (e.g., OppBCDF49), (ii) the 
NBDs are identical but the two TMDs are different (e.g., MalFGK251) or (iii) the NBDs are 
identical and the TMDs are identical (e.g., GlnPQ52). Contrary to ABC exporters, the number 
of TM helices per TMD varies in ABC importers. TMDs of Type I importers consist 
minimally of 6 TM helices per TMD. In case of the E. coli maltose importer, the TMDs MalF 
and MalG contain 8 and 6 TM helices, respectively, resulting in a total of 14 TM helices per 
translocator18. The TMDs of Type II importers consist of 10 TM helices per TMD and are 
more densely packed than in Type I importers. In both Type I and II importers the two TMDs 
together form the translocation pathway for the substrate, which faces towards the cytoplasm 
in the IF conformation and towards the external environment or periplasm in the OF 
conformation13, 16, 18, 51, 53-55. 
It remains unknown if all TMDs of Type I and II importers contain a substrate-binding 
site. In the crystal structures of the Type I importers MalFGK256 and Art(QM)255 well-defined 
substrate-binding sites are present. Mutational57 and homology modelling55 studies indicate 
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that some other Type I ABC importers also contain a binding site in their TMDs. In contrast, 
no specific binding sites have been identified in the crystal structures of the Type II 
vitamin B12 importer BtuCDF58, suggesting that the SBP BtuF determines the transport 
specificity and that the TMDs BtuC simply form an inert cavity for vitamin B12.  
Type III importers are structurally and mechanistically completely different from other 
ABC importers9, 10. The two TMDs of Type III importers are termed the T and S component. 
The T component consists minimally of 4 TM helices and interacts with the two NBDs via 
two long, crossed a-helices (the coupling helices)59-62. The complex formed between the 
T component and the two NBDs is termed the ECF (energy coupling factor) module. The 
S component consists minimally of 6 TM helices and contains the binding site for the 
substrate63, 64.  
 
1.4.3 Substrate-binding proteins 
Type I and II ABC importers require an SBP to bind and deliver the substrate to the 
translocator. In Gram-negative bacteria, SBPs freely diffuse in the periplasm, whereas in 
prokaryotes that lack a periplasm, they are attached to the membrane via either a lipid or 
protein anchor or are directly linked to the TMDs (Figure 1.4)65. In the latter case, importers 
have been identified with a minimum of one and a maximum of six SBPs attached to the 
translocator (Figure 1.4)65, 66. For instance, the Type I importer GlnPQ from L. lactis has two 
SBPs (called SBD1 and SBD2) linked to each TMD, leading to a total of four SBPs per 
translocator (Figure 1.4D)52. SBPs that are directly linked to the TMDs are sometimes called 
substrate-binding domains (SBDs)67.  
Out
In
A B C D E
Figure 1.4. Schematic representation of the domain organisation of SBPs. Type I and II ABC 
importers require an extra-cytoplasmic SBP for function. SBPs can be free proteins that are located in 
the periplasm (A). In prokaryotes that lack a periplasm the SBPs are attached to the outer membrane 
via a protein (B) or lipid anchor (C) or are directly linked to the TMDs (D-E). In the latter case, ABC 
importers with a total of one to six SBPs fused have been identified68. A homodimeric and a 
heterodimeric transporter complex with four (e.g., GlnPQ of L. lactis) (D) and one (e.g., MalEGK2E of 
Dellovibrio bacteriovorus) (E) SBP(s), respectively, are depicted.  
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SBPs are not only associated with Type I and II ABC importers, but are also part of other 
protein complexes. For example, tripartite ATP-independent periplasmic (TRAP) 
transporters, tripartite tricarboxylate transporters (TTT) and G-protein coupled receptors 
(GPCRs) employ SBPs68, 69. Moreover, some SBPs are part of more than one protein system. 
For instance, the E. coli SBP MalE is the receptor domain of both the ABC importer 
MalFGK2 and the chemotactic signal transducer Tar70. SBPs are not only associated with 
membrane proteins, but are also involved in transcription regulation in bacteria. For example, 
LysR-type transcriptional regulators (LTTRs) use SBPs71. SBPs of the LTTR family have a 
DNA-binding domain fused to its N-terminus71.  
To date, around 400 crystal structures of SBPs are solved, started with the firstly solved 
structure in 1974 of arabinose-binding protein72, 73. This tremendous amount of structural 
information revealed that all SBPs have a common structural fold44. SBPs consist of two 
structurally conserved subdomains, both having a so-called a/b fold, i.e., an internal b-sheet 
surrounded by a-helices. The two subdomains are connected via a hinge region44. SBPs can 
be classified into six structural clusters (cluster A to F), wherein the hinge region is the most 
defining feature of each cluster44, 72. SBPs of Type II importers are solely found in cluster A 
and contain a single rigid a-helix as hinge. The hinges of Type I SBPs are structurally more 
diverse, containing multiple connections of b-strands and/or a-helices, and are found in four 
of the six structural clusters (cluster B, C, D and F). Cluster E contains only SBPs that are 
part of TRAP transporters.  
In the crystal structures of the SBPs, the two subdomains are separated (open 
conformation) in the absence of substrate and are closer together (closed conformation) when 
a substrate is present at the interface of the two subdomains (Figure 1.5)74, 75. The switching 
between the open and closed conformation has been called the ‘Venus-flytrap’ mechanism76, 
as the process is reminiscent to a Venus flytrap catching a fly. The crystal structures show 
that the degree of opening varies between different SBPs, ranging from openings angles of 
Figure 1.5. Open and closed conformations of the SBP MalE. X-ray crystal structure of E. coli MalE 
without (left; PDB ID: 1OMP) and with (right; PDB ID: 1ANF) maltose bound. The maltose molecule 








almost 60° in the SBP LivJ77, to only a few degrees for many SBPs that belong to Type II 
importers78. Crystal structures of the same SBP, but with different substrates bound, 
generally report the same degree of closing79-82. For instance, the crystal structures of MalE 
with maltose, maltotriose or maltotetraose are virtually identical82. An exception is the 
substrate β-cyclodextrin, which induces only a minor conformational change in MalE83, 84. 
Despite the fact that β-cyclodextrin is bound by MalE, it cannot be transported by the maltose 
importer85. This suggests that only substrates that induce closing of the SBP are transported. 
There are also indications that SBPs undergo conformational changes in the absence of 
substrate67, 86-88, thereby questioning the precise mechanism of substrate binding by the SBP. 
Two basic mechanisms that describe how substrate binding is coupled to SBP conformational 
changes are the induced-fit89 and conformational selection mechanism90 (Figure 1.6). In the 
induced-fit mechanism, the open conformation binds the substrate and subsequently triggers 
closing of the SBP. In the conformational selection mechanism, the apo SBP already exists 
in an equilibrium between open and closed conformations. Contrary to the induced-fit 
mechanism, in the conformational selection mechanism, the substrate binds directly to the 
intrinsic closed conformation.  
 
1.4.4 Transport mechanism of Type I importers 
The model for the transport mechanism of Type I importers is largely based on the crystal 
structures91 and the spectroscopic22, 92 and functional47, 93 data of the E. coli maltose importer 




Figure 1.6. The induced-fit and conformational selection mechanism. Two basic mechanisms that 
connect the open and closed conformations of the SBP with the substrate-free and substrate-bound 
states are the induced-fit and the conformational selection mechanism. In the induced-fit mechanism, 
the substrate binds to the open conformation and triggers subsequently closing of the SBP. In the 
conformational selection mechanism, the substrate is directly bound by the intrinsic closed 





Figure 1.7. Mechanistic diversity of ABC importers. Type I (A), II (B) and III (C) ABC importers 
use different mechanisms to transport substrates across the membrane. The common features and 
differences are highlighted in the schematic and are disused in more detail in section 1.4. The membrane 
is shown in light brown, the substrate in dark brown, ATP in yellow and ADP is shown in orange. The 
translocator consists of two NBDs and two TMDs, which are shown in dark grey and the SBP is shown 
in light grey. Both Type I and II importers use an SBP, which are here depicted in an open and closed 
conformation without and with substrate bound, respectively. The periplasmic and cytoplasmic gates 
of the Type II importer are depicted in purple and green, respectively. In the schematic of the Type III 
importer, the S component is shown in the horizontal and vertical orientation. The two large, crossed 





















nucleotide94. The high ATP concentration in the cytoplasm ensures that ATP is rapidly bound 
by the NBDs. Substrate binding by the SBP switches the SBP from the open to the closed 
conformation95. In the step that follows, the substrate-bound SBP docks onto the IF 
conformation51. Next, closing of the NBDs triggers formation of the OF conformation18. 
Simultaneously with the formation of the OF conformation, the SBP opens and releases the 
substrate into the TMD interior. The majority of the interactions with the substrate are lost 
when the SBP is in the open conformation95, so ensuring that the substrate is rapidly released 
once the docked SBP opens. Moreover, in the E. coli maltose importer, a periplasmic loop 
of the TMD MalF inserts into the binding site of MalE, thereby preventing rebinding of the 
substrate18. Next, ATP hydrolysis opens the NBDs, leading to the formation of the IF 
conformation. Finally, the SBP dissociates from the translocator, ADP is released and the 
substrate diffuses into the cytoplasm.  
 
1.4.5 Transport mechanism of Type II importers 
The model for the transport mechanism of Type II importers is largely based on the crystal 
structures16, 58, 96-98 and the spectroscopic99, 100 and functional101 data of the E. coli vitamin B12 
importer BtuCDF (Figure 1.7B). In contrast to the large rigid-body rearrangements of the 
TMDs of other ABC transporters, the conformational changes in the TMDs of Type II 
importers are smaller and are more localized. In Type II importers, the conformational 
changes are centred around the so-called periplasmic and cytoplasmic gates16, 58, 98, which are 
located on the periplasmic and cytoplasmic faces of the TMDs, respectively.  
The transport model starts from the OF conformation with the periplasmic gate open and 
the cytoplasmic gate closed58. In this state, the NBDs are closed and contain ATP. An SBP 
captures a substrate and subsequently docks onto the translocator. The docked SBP opens 
and releases the substrate into the TMD interior. In the following step, the periplasmic gate 
closes98, which results in an occluded state with the substrate trapped within the TMD 
interior. ATP hydrolysis opens the NBDs, leading to the opening of the cytoplasmic gate and 
the subsequent diffusion of the substrate into the cytoplasm54. Next, an asymmetric importer 
state is formed, which is characteristic for Type II importers96, 97. In this state, both the 
periplasmic and cytoplasmic gates are closed. In the final step, the NBDs bind ATP, the SBP 
dissociates from the translocator and the OF conformation is formed by opening of the 
periplasmic gate.  
 
1.4.6 Transport mechanism of Type III importers 
The study of the transport mechanism of Type III importers has been complicated by the fact 
that all crystal structures of Type III importers have been solved in the same conformational 
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state59-62. Moreover, the crystal structures of isolated S components are only solved with 
substrate bound and no apo structure has been solved to date63, 64. Nevertheless, based on the 
combined functional102, structural59-62 and spectroscopic103 data on various Type III 
importers, a transport model has been proposed, termed the toppling mechanism 
(Figure 1.7C)10, 11.  
The model starts from the nucleotide-free state, the state that has been captured by X-ray 
crystallography59-62. In this state, the NBDs are open and the S component lies almost 
horizontally in the membrane. ATP binding induces closing of the NBDs. This pushes the 
coupling helices together, resulting in a rotation of the S component to a more vertical 
orientation. Now the S component can bind a substrate. In the next step, ATP hydrolysis 
opens the NBDs, leading to the toppling of the S component to the more horizontal 
orientation. Now the substrate can leave the S component and diffuse into cytoplasm62, 104, 
105. In this model, transport is mediated by Jardetzky’s alternating access model106. However, 
contrary to other ABC transporters, transport in Type III importers does not involve 
switching between IF and OF conformations, but involves a toppling of the S component to 
expose the substrate-binding site on alternate sides of the membrane. 
 
1.5 Soluble ABC proteins 
1.5.1 Function and domain architecture  
ABC proteins are arguably best known for their function in solute transport across 
membranes. However, some ABC proteins are soluble proteins and serve other functions5. 
For instance, soluble ABC proteins play crucial roles in functions such as DNA mismatch 
repair107, double-strand DNA break repair108 and mRNA translation7. In humans, 4 out of the 
49 ABC genes encode for soluble ABC proteins and are the only members of ABCE and 
ABCF subfamilies3.  
In soluble ABC proteins, the two NBDs are fused together (e.g., in ABCE1109) or two 
separate proteins that each contain an NBD subunit assemble together (e.g., in MutS8). In 
addition to the NBDs, soluble ABC proteins require additional domains for function. For 
instance, the E. coli DNA mismatch repair protein MutS (Figure 1.1) contains a DNA-
binding domain, a DNA mismatch recognition domain and a third domain that is important 
for the interaction with the endonuclease MutL110. Other examples are the HEAT domain 
and chromodomain of the yeast specific elongation factor eEF3. The HEAT domain is 
important for ribosome association and the chromodomain removes the tRNA from the 
ribosmome111. The additional domains of soluble ABC proteins can be fused to the termini 
of the NBDs or they can be inserted directly within the NBD structure. For instance, the 
HEAT domain is fused to the N-terminus of eEF3, whereas the chromodomain is inserted 
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within one of the NBDs111. One remarkable example of a domain insertion is the 50 nm long 
coiled-coil helix that is inserted in both NBDs of the ABC protein Rad50112. 
Soluble ABC proteins and ABC transporters share common mechanistic principles. Both 
use the binding and hydrolysis of ATP to couple the opening and closing of the NBDs to 
conformational changes in the other domains7, 112. For instance, NBD opening and closing of 
Rad50 displaces the long coiled-coils to organize the DNA112, whereas in ABC transporters 
the opening and closing of the NBDs are coupled to conformational changes in the TMDs. 
 
1.5.2 ABCE1 
We take ABCE1 as an example to discuss in more detail how ATP hydrolysis, NBD 
conformational changes and function are linked in a soluble ABC protein. ABCE1 is a highly 
conserved protein and is essential in all archaea and eukaryotes109. The two NBDs of ABCE1 
are linked via two flexible loops. In addition, ABCE1 contains a cysteine-rich N-terminal 
region, which binds two diamagnetic [4Fe-4S]2+ clusters109, 113. This domain is termed the 
FeS cluster domain. These domains are generally involved in electron transfer processes, 
however, in ABCE1, the structural rigidity and positive charge of the FeS cluster domain are 
probably used to efficiently bind and split the ribosome7. ABCE1 plays a vital role in 
ribosome splitting, but has also been implicated in other functions, such as innate immunity, 
tissue homeostasis, HIV capsid assembly, ribosome biogenesis and translation initiation114.  
Translation of the mRNA sequence into a polypeptide chain occurs at the ribosome114. 
The ribosome consists of a small (30S in archaea and 40S eukaryotes) and a large subunit 
(50S in archaea and 60S eukaryotes). Translation is terminated when a stop-codon in the 
mRNA sequence is reached. The release factor e/aRF1 subsequently removes the synthesized 
polypeptide chain from the ribosome. After polypeptide release, a stalled ribosome complex, 
which consist of the 70S/80S ribosome (70S in archaea and 80S eukaryotes), mRNA, tRNA 
and e/aRF1, is formed. ABCE1 splits the stalled ribosome complex109, 115, 116.   
The current model of ribosome splitting is shown in Figure 1.8 and is revised in 
Chapter 7. Free ABCE1 is in an open conformation, with the two NBDs separated109. Binding 
of ATP and a stalled ribosome complex induces formation of an intermediate conformation 
of ABCE1. This complex is termed the pre-splitting complex and has been observed with 
cryo-EM117. The NBDs are slightly closer together in the intermediate conformation. Next, 
full closing of the NBDs displaces the FeS cluster domain, resulting in steric classes between 
the ribosomal subunits118, 119. This leads to the release of the large ribosomal subunit, while 
the small subunit remains bound to ABCE1109. This latter complex is termed the post-
splitting complex and has recently been observed with cryo-EM119. Finally, ATP hydrolysis 
opens the NBDs, causing ABCE1 and the small ribosomal subunit to dissociate.  
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1.6 Outline of the thesis 
X-ray crystal structures combined with biochemical data provided valuable insight into the 
working mechanism of ABC proteins. However, the mechanism is inherently dynamic and 
is thus difficult to study solely with X-ray crystallography, cryo-EM or any other related 
method. Methods like NMR and EPR can provide information on the protein dynamics. 
However, the interpretation of these data is complicated by the fact that the measured signal 
is averaged over a huge number of molecules. To avoid this problem, single-molecule 
methods have been developed that measure individual molecules120, 121. In this thesis, single-
molecule detection in combination with Förster resonance energy transfer (smFRET; Box 1) 
is used to study the conformational changes of ABC proteins and structurally homologous 
domains. By using smFRET, it is possible to study the protein conformation, the 











Figure 1.8. Mechanism of ribosome recycling by ABCE1. Schematic representation of the soluble 
ABC protein ABCE1. The two NBDs of ABCE1 are shown in dark grey. The NBDs are connected via 
two loops (only one is shown for clarity). The N-terminal FeS cluster domain is shown in brown. ATP 
and ADP are shown in yellow and orange, respectively. Apo and ADP-bound ABCE1 are in the open 
conformation. Binding of ATP and a stalled 70S/80S ribosome complex induces formation of an 
intermediate conformation. This complex is termed the pre-splitting complex. Full closing of ABCE1 
displaces the FeS cluster domain and releases the 50S/60S ribosomal subunit. ABCE1 remains bound 
to the 30S/40S subunit to form the post-splitting complex, which is released upon ATP hydrolysis. 
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In Chapter 2, we investigated the effect of substrates on the conformation of six SBPs, 
namely MalE, OppA SBD1, SBD2, PsaA and OpuAC. These SBPs belong to both Type I 
and II ABC importers. By using smFRET, we show that a unique, single closed conformation 
does not exist for SBPs. Instead, SBPs sample a range of conformations that activate 
transport. Some non-cognate (i.e., non-transported) substrates induce an SBP conformation 
that cannot initiate transport. In other cases, failure of transport arises from the slow SBP 
conformational dynamics that is induced by the non-cognate substrate. The results provide a 
new view on the relationship between SBP conformational changes, SBP-substrate 
interactions and transport function 
 
In Chapter 3, the results of Chapter 2 were combined with mathematical modelling to 
investigate the effect of non-cognate substrates on the inhibition of transport. We show that, 
depending on how the non-cognate substrate influences the SBP conformation and the SBP 
conformational dynamics, drastic differences can exist in the amount of transport inhibition.  
 
In Chapter 4, we studied the conformational changes of two SBPs that are not part of ABC 
importers: SiaP from Vibrio cholerae and the regulatory domain (RD) of CynR from E. coli. 
SiaP is part of a TRAP transporter and the transcription factor CynR belongs to the LTTR 
family. We show that ligand binding switches SiaP from an open to a closed conformation, 
while no such conformational changes could be detected for CynR. Therefore, transcription 
activation by CynR is probably based on minor and localized structural changes in the SBP, 
rather than the rigid-body rearrangements that are common to SBPs of membrane protein 
complexes. 
 
In Chapter 5, a single-molecule fluorescence assay and data analysis procedure was 
developed to simultaneously observe substrate binding and the conformational changes in 
FeuA. The SBP FeuA is part of the Type II ABC importer FeuABC, which is involved in 
iron uptake in Bacillus subtilis. The conformational changes of FeuA were determined via 
FRET, whereas the presence of the substrate was probed by fluorophore quenching. We 
observed that FeuA uses the induced-fit mechanism, although closing without substrate is 
also possible. The results provide a detailed kinetic and thermodynamic view on how 
substrate binding and SBP conformational changes are coupled.  
 
In Chapter 6, we determined the effect of length and structure of the linkers, which connect 
the SBPs SBD1 and SBD2 to each other and to the translocator GlnPQ, on transport. By 
combining transport assays with mathematical modelling, we reveal that varying the linker 
length impacts transport in a manner that depends on both the conformational dynamics of 
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the SBP and the substrate concentration in the external environment. Furthermore, we show 
that not only linker length but also sequence features of the linkers are important for 
transport.  
 
In Chapter 7, we studied the soluble ABC protein ABCE1 and its function in ribosome 
recycling. Confocal microscopy was used to determine the conformations of the two ATP 
binding sites via FRET and the association with the ribosome was determined by measuring 
the diffusion constant of ABCE1. In contrast to the deterministic models of ABC proteins, 
we found that both sites are always in a dynamic equilibrium between three conformations: 
open, intermediate and closed. The two sites behave asymmetrically, allowing, for example, 
one site to close, while the other remains open. Moreover, the interaction of ABCE1 with 
ribosomes influences the conformational equilibrium of both sites differently. The results 
reveal a remarkable conformational plasticity and asymmetric behaviour of the highly 
conserved NBDs of ABCE1. 
 
In Chapter 8, we used classical statistical mechanics to describe the conformational 
ensemble of a protein. We found that changes in the apo conformational equilibrium biases 
the holo conformational equilibrium in the same direction. Furthermore, the affinity for the 
substrate is found to be sensitive to changes in the apo conformational equilibrium. These 
theoretical findings show that an ABC protein, or any other protein, could modify its apo 
conformational equilibrium to alter its response to substrate.  
 
In Chapter 9 and Chapter 10, we summarize our findings and provide an outlook about 
future directions.   
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Box 1. Energy transfer via Förster resonance energy transfer (FRET) occurs between 
a donor and acceptor fluorophore (Figure 1.9A)123. The donor de-excitation rate via 
FRET is 
 






where 𝑘' is the rate of donor de-excitation in the absence of acceptor, 𝑟 is the 
distance between the transition dipoles of the donor and acceptor fluorophore and 𝑅* 







where 𝑄' is the donor fluorescence quantum yield, 𝐽 is the overlap integral between 
the donor and acceptor density of states, 𝑁? is Avogadro’s number, 𝑛 is the refractive 
index of the medium and 𝜅4 is a factor that depends on the orientation of the 
transition dipoles124.  
 
 
Figure 1.9. FRET. (A) FRET occurs via dipole-dipole resonance interaction. (B) FRET 
efficiency as function of the distance between a donor and an acceptor fluorophore.  
 









The FRET efficiency can be determined experimentally by measuring the donor and 
acceptor fluorescence intensities during donor excitation125. 𝐸 is most sensitive to 
distance changes around 𝑅* (Figure 1.9B). Commonly used fluorophore pairs have 
𝑅* values of 4-6 nm124. Thus, the sensitive range of FRET matches with the typical 
size of proteins, making FRET ideal to use as a ‘spectroscopic ruler’ to study the 





















1. Higgins, C. F. ABC transporters: from microorganisms to man. Annu. Rev. Cell Biol. 8, 67-113 
(1992). 
2. Davidson, A. L., Dassa, E., Orelle, C. & Chen, J. Structure, function, and evolution of bacterial ATP-
binding cassette systems. Microbiol. Mol. Biol. Rev. 72, 317-64 (2008). 
3. Vasiliou, V., Vasiliou, K. & Nebert, D. W. Human ATP-binding cassette (ABC) transporter family. 
Hum. Genomics 3, 281-290 (2009). 
4. Linton, K. J. & Higgins, C. F. The Escherichia coli ATP-binding cassette (ABC) proteins. Mol. 
Microbiol. 28, 5-13 (1998). 
5. Hopfner, K. P. Invited review: architectures and mechanisms of ATP binding cassette proteins. 
Biopolymers 105, 492-504 (2016). 
6. Hopfner, K. P. et al. Structural biology of Rad50 ATPase: ATP-driven conformational control in 
DNA double-strand break repair and the ABC-ATPase superfamily. Cell 101, 789-800 (2000). 
7. Gerovac, M. & Tampe, R. Control of mRNA translation by versatile ATP-driven machines. Trends 
Biochem. Sci. 44, 167-180 (2019). 
8. Obmolova, G., Ban, C., Hsieh, P. & Yang, W. Crystal structures of mismatch repair protein MutS 
and its complex with a substrate DNA. Nature 407, 703-710 (2000). 
9. ter Beek, J., Guskov, A. & Slotboom, D. J. Structural diversity of ABC transporters. J. Gen. Physiol. 
143, 419-435 (2014). 
10. Swier, L. J. Y. M., Slotboom, D. J. & Poolman, B. in ABC transporters - 40 years on (ed George, 
A. M.) 3-36 (Springer International Publishing, 2016). 
11. Rempel, S., Stanek, W. K. & Slotboom, D. J. ECF-type ATP-binding cassette transporters. Annu. 
Rev. Biochem. 88, 551-576 (2019). 
12. Biemans-Oldehinkel, E., Mahmood, N. A. & Poolman, B. A sensor for intracellular ionic strength. 
Proc. Natl. Acad. Sci. U. S. A. 103, 10624-10629 (2006). 
13. Kadaba, N. S., Kaiser, J. T., Johnson, E., Lee, A. & Rees, D. C. The high-affinity E. coli methionine 
ABC transporter: structure and allosteric regulation. Science 321, 250-253 (2008). 
14. Oswald, C., Holland, I. B. & Schmitt, L. The motor domains of ABC-transporters. What can 
structures tell us? Naunyn Schmiedebergs Arch. Pharmacol. 372, 385-399 (2006). 
15. Ye, J., Osborne, A. R., Groll, M. & Rapoport, T. A. RecA-like motor ATPases - lessons from 
structures. Biochim. Biophys. Acta 1659, 1-18 (2004). 
16. Locher, K. P., Lee, A. T. & Rees, D. C. The E. coli BtuCD structure: a framework for ABC 
transporter architecture and mechanism. Science 296, 1091-1098 (2002). 
17. Ward, A., Reyes, C. L., Yu, J., Roth, C. B. & Chang, G. Flexibility in the ABC transporter MsbA: 
alternating access with a twist. Proc. Natl. Acad. Sci. U. S. A. 104, 19005-19010 (2007). 
18. Oldham, M. L., Khare, D., Quiocho, F. A., Davidson, A. L. & Chen, J. Crystal structure of a 
catalytic intermediate of the maltose transporter. Nature 450, 515-521 (2007). 
19. Smith, P. C. et al. ATP binding to the motor domain from an ABC transporter drives formation of 
a nucleotide sandwich dimer. Mol. Cell 10, 139-149 (2002). 
20. Procko, E., Ferrin-O'Connell, I., Ng, S. L. & Gaudet, R. Distinct structural and functional properties 
of the ATPase sites in an asymmetric ABC transporter. Mol. Cell 24, 51-62 (2006). 
21. Nurenberg-Goloub, E., Heinemann, H., Gerovac, M. & Tampe, R. Ribosome recycling is 




22. Orelle, C., Ayvaz, T., Everly, R. M., Klug, C. S. & Davidson, A. L. Both maltose-binding protein 
and ATP are required for nucleotide-binding domain closure in the intact maltose ABC transporter. 
Proc. Natl. Acad. Sci. U. S. A. 105, 12837-12842 (2008). 
23. Karpowich, N. et al. Crystal structures of the MJ1267 ATP binding cassette reveal an induced-fit 
effect at the ATPase active site of an ABC transporter. Structure 9, 571-586 (2001). 
24. Lu, G., Westbrooks, J. M., Davidson, A. L. & Chen, J. ATP hydrolysis is required to reset the ATP-
binding cassette dimer into the resting-state conformation. Proc. Natl. Acad. Sci. U. S. A. 102, 17969-
17974 (2005). 
25. Chen, J., Lu, G., Lin, J., Davidson, A. L. & Quiocho, F. A. A tweezers-like motion of the ATP-
binding cassette dimer in an ABC transport cycle. Mol. Cell 12, 651-661 (2003). 
26. Schaedler, T. A. et al. Structures and functions of mitochondrial ABC transporters. Biochem. Soc. 
Trans. 43, 943-951 (2015). 
27. Poelarends, G. J., Mazurkiewicz, P. & Konings, W. N. Multidrug transporters and antibiotic 
resistance in Lactococcus lactis. Biochim. Biophys. Acta 1555, 1-7 (2002). 
28. Chen, Z. et al. Mammalian drug efflux transporters of the ATP binding cassette (ABC) family in 
multidrug resistance: a review of the past decade. Cancer Lett. 370, 153-164 (2016). 
29. Dawson, R. J. & Locher, K. P. Structure of a bacterial multidrug ABC transporter. Nature 443, 180-
185 (2006). 
30. Hohl, M., Briand, C., Grutter, M. G. & Seeger, M. A. Crystal structure of a heterodimeric ABC 
transporter in its inward-facing conformation. Nat. Struct. Mol. Biol. 19, 395-402 (2012). 
31. Kim, Y. & Chen, J. Molecular structure of human P-glycoprotein in the ATP-bound, outward-
facing conformation. Science 359, 915-919 (2018). 
32. Lee, J. Y. et al. Crystal structure of the human sterol transporter ABCG5/ABCG8. Nature 533, 561-
564 (2016). 
33. Kodan, A. et al. Inward- and outward-facing x-ray crystal structures of homodimeric P-glycoprotein 
CmABCB1. Nat. Commun. 10, 88 (2019). 
34. Husada, F. et al. Conformational dynamics of the ABC transporter McjD seen by single-molecule 
FRET. EMBO J. 37, e100056 (2018). 
35. Mishra, S. et al. Conformational dynamics of the nucleotide binding domains and the power stroke 
of a heterodimeric ABC transporter. Elife 3, e02740 (2014). 
36. Timachi, M. H. et al. Exploring conformational equilibria of a heterodimeric ABC transporter. Elife 
6, e20236 (2017). 
37. Choudhury, H. G. et al. Structure of an antibacterial peptide ATP-binding cassette transporter in a 
novel outward occluded state. Proc. Natl. Acad. Sci. U. S. A. 111, 9145-9150 (2014). 
38. Hofmann, S. et al. Conformation space of a heterodimeric ABC exporter under turnover conditions. 
Nature 571, 580-583 (2019). 
39. Shintre, C. A. et al. Structures of ABCB10, a human ATP-binding cassette transporter in apo- and 
nucleotide-bound states. Proc. Natl. Acad. Sci. U. S. A. 110, 9710-9715 (2013). 
40. Perez, C. et al. Structure and mechanism of an active lipid-linked oligosaccharide flippase. Nature 
524, 433-438 (2015). 
41. Higgins, C. F. & Linton, K. J. The ATP switch model for ABC transporters. Nat. Struct. Mol. Biol. 
11, 918-926 (2004). 
42. Locher, K. P. Mechanistic diversity in ATP-binding cassette (ABC) transporters. Nat. Struct. Mol. 
Biol. 23, 487-493 (2016). 
 
 27 
43. Procko, E. & Gaudet, R. Antigen processing and presentation: TAPping into ABC transporters. 
Curr. Opin. Immunol. 21, 84-91 (2009). 
44. Berntsson, R. P., Smits, S. H., Schmitt, L., Slotboom, D. J. & Poolman, B. A structural classification 
of substrate-binding proteins. FEBS Lett. 584, 2606-2617 (2010). 
45. van der Heide, T. & Poolman, B. Osmoregulated ABC-transport system of Lactococcus lactis 
senses water stress via changes in the physical state of the membrane. Proc. Natl. Acad. Sci. U. S. A. 
97, 7102-7106 (2000). 
46. Fulyani, F., Schuurman-Wolters, G. K., Slotboom, D. J. & Poolman, B. Relative rates of amino 
acid import via the ABC transporter GlnPQ determine the growth performance of Lactococcus lactis. 
J. Bacteriol. 198, 477-485 (2015). 
47. Ferenci, T., Muir, M., Lee, K. S. & Maris, D. Substrate specificity of the Escherichia coli 
maltodextrin transport system and its component proteins. Biochim. Biophys. Acta 860, 44-50 (1986). 
48. Ferenci, T. The recognition of maltodextrins by Escherichia coli. Eur. J. Biochem. 108, 631-636 
(1980). 
49. Doeven, M. K., Abele, R., Tampe, R. & Poolman, B. The binding specificity of OppA determines 
the selectivity of the oligopeptide ATP-binding cassette transporter. J. Biol. Chem. 279, 32301-32307 
(2004). 
50. Higgins, C. F. & Ames, G. F. Two periplasmic transport proteins which interact with a common 
membrane receptor show extensive homology: complete nucleotide sequences. Proc. Natl. Acad. Sci. 
U. S. A. 78, 6038-6042 (1981). 
51. Oldham, M. L. & Chen, J. Crystal structure of the maltose transporter in a pretranslocation 
intermediate state. Science 332, 1202-1205 (2011). 
52. Schuurman-Wolters, G. K. & Poolman, B. Substrate specificity and ionic regulation of GlnPQ from 
Lactococcus lactis. An ATP-binding cassette transporter with four extracytoplasmic substrate-binding 
domains. J. Biol. Chem. 280, 23785-23790 (2005). 
53. Woo, J. S., Zeltina, A., Goetz, B. A. & Locher, K. P. X-ray structure of the Yersinia pestis heme 
transporter HmuUV. Nat. Struct. Mol. Biol. 19, 1310-1315 (2012). 
54. Pinkett, H. W., Lee, A. T., Lum, P., Locher, K. P. & Rees, D. C. An inward-facing conformation 
of a putative metal-chelate-type ABC transporter. Science 315, 373-377 (2007). 
55. Yu, J., Ge, J., Heuveling, J., Schneider, E. & Yang, M. Structural basis for substrate specificity of 
an amino acid ABC transporter. Proc. Natl. Acad. Sci. U. S. A. 112, 5243-5248 (2015). 
56. Oldham, M. L., Chen, S. & Chen, J. Structural basis for substrate specificity in the Escherichia coli 
maltose transport system. Proc. Natl. Acad. Sci. U. S. A. 110, 18132-18137 (2013). 
57. Speiser, D. M. & Ames, G. F. Salmonella typhimurium histidine periplasmic permease mutations 
that allow transport in the absence of histidine-binding proteins. J. Bacteriol. 173, 1444-1451 (1991). 
58. Korkhov, V. M., Mireku, S. A., Veprintsev, D. B. & Locher, K. P. Structure of AMP-PNP-bound 
BtuCD and mechanism of ATP-powered vitamin B12 transport by BtuCD-F. Nat. Struct. Mol. Biol. 
21, 1097-1099 (2014). 
59. Swier, L. J., Guskov, A. & Slotboom, D. J. Structural insight in the toppling mechanism of an 
energy-coupling factor transporter. Nat. Commun. 7, 11072 (2016). 
60. Wang, T. et al. Structure of a bacterial energy-coupling factor transporter. Nature 497, 272-276 
(2013). 
61. Xu, K. et al. Crystal structure of a folate energy-coupling factor transporter from Lactobacillus 
brevis. Nature 497, 268-271 (2013). 
62. Santos, J. A. et al. Functional and structural characterization of an ECF-type ABC transporter for 
vitamin B12. e35828 (2018). 
 
 28 
63. Zhang, P., Wang, J. & Shi, Y. Structure and mechanism of the S component of a bacterial ECF 
transporter. Nature 468, 717-720 (2010). 
64. Erkens, G. B. et al. The structural basis of modularity in ECF-type ABC transporters. Nat. Struct. 
Mol. Biol. 18, 755-760 (2011). 
65. van der Heide, T. & Poolman, B. ABC transporters: one, two or four extracytoplasmic substrate-
binding sites? EMBO Rep. 3, 938-943 (2002). 
66. Licht, A. et al. Structural and functional characterization of a maltose/maltodextrin ABC transporter 
comprising a single solute binding domain (MalE) fused to the transmembrane subunit MalF. Res. 
Microbiol. 170, 1-12 (2019). 
67. Gouridis, G. et al. Conformational dynamics in substrate-binding domains influences transport in 
the ABC importer GlnPQ. Nat. Struct. Mol. Biol. 22, 57-64 (2015). 
68. Rosa, L. T., Bianconi, M. E., Thomas, G. H. & Kelly, D. J. Tripartite ATP-independent periplasmic 
(TRAP) transporters and tripartite tricarboxylate transporters (TTT): from uptake to pathogenicity. 
Front. Cell. Infect. Microbiol. 8, 33 (2018). 
69. Armstrong, N. & Gouaux, E. Mechanisms for activation and antagonism of an AMPA-sensitive 
glutamate receptor: crystal structures of the GluR2 ligand binding core. Neuron 28, 165-181 (2000). 
70. Zhang, Y. et al. Model of maltose-binding protein/chemoreceptor complex supports intrasubunit 
signaling mechanism. Proc. Natl. Acad. Sci. U. S. A. 96, 939-944 (1999). 
71. Maddocks, S. E. & Oyston, P. C. Structure and function of the LysR-type transcriptional regulator 
(LTTR) family proteins. Microbiology 154, 3609-3623 (2008). 
72. Scheepers, G. H., Lycklama A Nijeholt, J. A. & Poolman, B. An updated structural classification 
of substrate-binding proteins. FEBS Lett. 590, 4393-4401 (2016). 
73. Phillips, G. N., Mahajan, V. K., Siu, A. K. & Quiocho, F. A. Structure of L-arabinose-binding 
protein from Escherichia coli at 5 A resolution and preliminary results at 3.5 A. Proc. Natl. Acad. Sci. 
U. S. A. 73, 2186-2190 (1976). 
74. Quiocho, F. A. & Ledvina, P. S. Atomic structure and specificity of bacterial periplasmic receptors 
for active transport and chemotaxis: variation of common themes. Mol. Microbiol. 20, 17-25 (1996). 
75. Shilton, B. H., Flocco, M. M., Nilsson, M. & Mowbray, S. L. Conformational changes of three 
periplasmic receptors for bacterial chemotaxis and transport: the maltose-, glucose/galactose- and 
ribose-binding proteins. J. Mol. Biol. 264, 350-363 (1996). 
76. Mao, B., Pear, M. R., McCammon, J. A. & Quiocho, F. A. Hinge-bending in L-arabinose-binding 
protein. The "Venus's-flytrap" model. J. Biol. Chem. 257, 1131-1133 (1982). 
77. Trakhanov, S. et al. Ligand-free and -bound structures of the binding protein (LivJ) of the 
Escherichia coli ABC leucine/isoleucine/valine transport system: trajectory and dynamics of the 
interdomain rotation and ligand specificity. Biochemistry 44, 6597-6608 (2005). 
78. Karpowich, N. K., Huang, H. H., Smith, P. C. & Hunt, J. F. Crystal structures of the BtuF 
periplasmic-binding protein for vitamin B12 suggest a functionally important reduction in protein 
mobility upon ligand binding. J. Biol. Chem. 278, 8429-8434 (2003). 
79. Nishitani, Y. et al. Recognition of heteropolysaccharide alginate by periplasmic solute-binding 
proteins of a bacterial ABC transporter. Biochemistry 51, 3622-3633 (2012). 
80. Pandey, S., Modak, A., Phale, P. S. & Bhaumik, P. High resolution structures of periplasmic 
glucose-binding protein of Pseudomonas putida CSV86 reveal structural basis of its substrate 
specificity. J. Biol. Chem. 291, 7844-7857 (2016). 
81. Magnusson, U., Salopek-Sondi, B., Luck, L. A. & Mowbray, S. L. X-ray structures of the leucine-
binding protein illustrate conformational changes and the basis of ligand specificity. J. Biol. Chem. 
279, 8747-8752 (2004). 
 
 29 
82. Quiocho, F. A., Spurlino, J. C. & Rodseth, L. E. Extensive features of tight oligosaccharide binding 
revealed in high-resolution structures of the maltodextrin transport/chemosensory receptor. Structure 
5, 997-1015 (1997). 
83. Sharff, A. J., Rodseth, L. E. & Quiocho, F. A. Refined 1.8-A structure reveals the mode of binding 
of beta-cyclodextrin to the maltodextrin binding protein. Biochemistry 32, 10553-10559 (1993). 
84. Skrynnikov, N. R. et al. Orienting domains in proteins using dipolar couplings measured by liquid-
state NMR: differences in solution and crystal forms of maltodextrin binding protein loaded with beta-
cyclodextrin. J. Mol. Biol. 295, 1265-1273 (2000). 
85. Hall, J. A., Ganesan, A. K., Chen, J. & Nikaido, H. Two modes of ligand binding in maltose-binding 
protein of Escherichia coli. Functional significance in active transport. J. Biol. Chem. 272, 17615-
17622 (1997). 
86. Tang, C., Schwieters, C. D. & Clore, G. M. Open-to-closed transition in apo maltose-binding 
protein observed by paramagnetic NMR. Nature 449, 1078-1082 (2007). 
87. Flocco, M. M. & Mowbray, S. L. The 1.9 A x-ray structure of a closed unliganded form of the 
periplasmic glucose/galactose receptor from Salmonella typhimurium. J. Biol. Chem. 269, 8931-8936 
(1994). 
88. Oswald, C. et al. Crystal structures of the choline/acetylcholine substrate-binding protein ChoX 
from Sinorhizobium meliloti in the liganded and unliganded-closed states. J. Biol. Chem. 283, 32848-
32859 (2008). 
89. Koshland, D. E. Application of a theory of enzyme specificity to protein synthesis. Proc. Natl. 
Acad. Sci. U. S. A. 44, 98-104 (1958). 
90. Boehr, D. D., Nussinov, R. & Wright, P. E. The role of dynamic conformational ensembles in 
biomolecular recognition. Nat. Chem. Biol. 5, 789-796 (2009). 
91. Chen, J. Molecular mechanism of the Escherichia coli maltose transporter. Curr. Opin. Struct. Biol. 
23, 492-498 (2013). 
92. Bohm, S., Licht, A., Wuttge, S., Schneider, E. & Bordignon, E. Conformational plasticity of the 
type I maltose ABC importer. Proc. Natl. Acad. Sci. U. S. A. 110, 5492-5497 (2013). 
93. Davidson, A. L., Shuman, H. A. & Nikaido, H. Mechanism of maltose transport in Escherichia coli: 
transmembrane signaling by periplasmic binding proteins. Proc. Natl. Acad. Sci. U. S. A. 89, 2360-
2364 (1992). 
94. Khare, D., Oldham, M. L., Orelle, C., Davidson, A. L. & Chen, J. Alternating access in maltose 
transporter mediated by rigid-body rotations. Mol. Cell 33, 528-536 (2009). 
95. Duan, X. & Quiocho, F. A. Structural evidence for a dominant role of nonpolar interactions in the 
binding of a transport/chemosensory receptor to its highly polar ligands. Biochemistry 41, 706-712 
(2002). 
96. Korkhov, V. M., Mireku, S. A., Hvorup, R. N. & Locher, K. P. Asymmetric states of vitamin B12 
transporter BtuCD are not discriminated by its cognate substrate binding protein BtuF. FEBS Lett. 586, 
972-976 (2012). 
97. Hvorup, R. N. et al. Asymmetry in the structure of the ABC transporter-binding protein complex 
BtuCD-BtuF. Science 317, 1387-1390 (2007). 
98. Korkhov, V. M., Mireku, S. A. & Locher, K. P. Structure of AMP-PNP-bound vitamin B12 
transporter BtuCD-F. Nature 490, 367-372 (2012). 
99. Goudsmits, J. M. H., Slotboom, D. J. & van Oijen, A. M. Single-molecule visualization of 
conformational changes and substrate transport in the vitamin B12 ABC importer BtuCD-F. Nat. 
Commun. 8, 1652 (2017). 
 
 30 
100. Yang, M. et al. Single-molecule probing of the conformational homogeneity of the ABC 
transporter BtuCD. Nat. Chem. Biol. 14, 715-722 (2018). 
101. Borths, E. L., Poolman, B., Hvorup, R. N., Locher, K. P. & Rees, D. C. In vitro functional 
characterization of BtuCD-F, the Escherichia coli ABC transporter for vitamin B12 uptake. 
Biochemistry 44, 16301-16309 (2005). 
102. Erkens, G. B. & Slotboom, D. J. Biochemical characterization of ThiT from Lactococcus lactis: a 
thiamin transporter with picomolar substrate binding affinity. Biochemistry 49, 3203-3212 (2010). 
103. Majsnerowska, M. et al. Substrate-induced conformational changes in the S-component ThiT from 
an energy coupling factor transporter. Structure 21, 861-867 (2013). 
104. Karpowich, N. K., Song, J. M., Cocco, N. & Wang, D. N. ATP binding drives substrate capture 
in an ECF transporter by a release-and-catch mechanism. Nat. Struct. Mol. Biol. 22, 565-571 (2015). 
105. Bao, Z. et al. Structure and mechanism of a group-I cobalt energy coupling factor transporter. Cell 
Res. 27, 675-687 (2017). 
106. Jardetzky, O. Simple allosteric model for membrane pumps. Nature 211, 969-970 (1966). 
107. Hopfner, K. P. & Tainer, J. A. DNA mismatch repair: the hands of a genome guardian. Structure 
8, R237-41 (2000). 
108. Syed, A. & Tainer, J. A. The MRE11-RAD50-NBS1 complex conducts the orchestration of 
damage signaling and outcomes to stress in DNA replication and repair. Annu. Rev. Biochem. 87, 263-
294 (2018). 
109. Barthelme, D. et al. Ribosome recycling depends on a mechanistic link between the FeS cluster 
domain and a conformational switch of the twin-ATPase ABCE1. Proc. Natl. Acad. Sci. U. S. A. 108, 
3228-3233 (2011). 
110. Groothuizen, F. S. et al. MutS/MutL crystal structure reveals that the MutS sliding clamp loads 
MutL onto DNA. Elife 4, e06744 (2015). 
111. Andersen, C. B. et al. Structure of eEF3 and the mechanism of transfer RNA release from the 
E-site. Nature 443, 663-668 (2006). 
112. Lammens, K. et al. The Mre11:Rad50 structure shows an ATP-dependent molecular clamp in 
DNA double-strand break repair. Cell 145, 54-66 (2011). 
113. Karcher, A., Schele, A. & Hopfner, K. P. X-ray structure of the complete ABC enzyme ABCE1 
from Pyrococcus abyssi. J. Biol. Chem. 283, 7962-7971 (2008). 
114. Nurenberg, E. & Tampe, R. Tying up loose ends: ribosome recycling in eukaryotes and archaea. 
Trends Biochem. Sci. 38, 64-74 (2013). 
115. Pisarev, A. V. et al. The role of ABCE1 in eukaryotic posttermination ribosomal recycling. Mol. 
Cell 37, 196-210 (2010). 
116. Shoemaker, C. J. & Green, R. Kinetic analysis reveals the ordered coupling of translation 
termination and ribosome recycling in yeast. Proc. Natl. Acad. Sci. U. S. A. 108, 1392-1398 (2011). 
117. Becker, T. et al. Structural basis of highly conserved ribosome recycling in eukaryotes and 
archaea. Nature 482, 501-506 (2012). 
118. Kiosze-Becker, K. et al. Structure of the ribosome post-recycling complex probed by chemical 
cross-linking and mass spectrometry. Nat. Commun. 7, 13248 (2016). 
119. Heuer, A. et al. Structure of the 40S-ABCE1 post-splitting complex in ribosome recycling and 
translation initiation. Nat. Struct. Mol. Biol. 24, 453-460 (2017). 
120. Lerner, E. et al. Toward dynamic structural biology: two decades of single-molecule Forster 
resonance energy transfer. Science 359, aan1133 (2018). 
 
 31 
121. Schuler, B. Single-molecule FRET of protein structure and dynamics - a primer. 
J. Nanobiotechnology 11, 1-17 (2013). 
122. Ha, T. et al. Probing the interaction between two single molecules: fluorescence resonance energy 
transfer between a single donor and a single acceptor. Proc. Natl. Acad. Sci. U. S. A. 93, 6264-6268 
(1996). 
123. Förster, T. Zwischenmolekulare energiewanderung und fluoreszenz. Annalen der Physik 6, 55-75 
(1948). 
124. Lakowicz, J. R. in Principles of fluorescence spectroscopy, third edition. (Springer US, 2006). 
125. Stryer, L. & Haugland, R. P. Energy transfer: a spectroscopic ruler. Proc. Natl. Acad. Sci. U. S. A. 
58, 719-726 (1967). 
 
  
 
 32 
 
